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ABSTRACT

The catabolism of amino acids derived from dietary
protein results in the production of ammonia and bicarbonate
ion, waste products that an animal must eliminate.

Often,

animals excrete a nitrogenous waste product that is
correlated with water availability:

Freshwater fish, living

where water is abundant, usually excrete ammonia while
terrestrial animals excrete urea or uric acid.

Recent

studies report that fish inhabiting alkaline waters (pH 10)
characterized by high bicarbonate concentrations do not
excrete ammonia, instead synthesize urea, an energetically
expensive process.

The conversion to urea excretion by a

normally ammonotelic animal is likely to be stimulated by a
specific environmental factor.
In order to begin to identify this factor, we separated
the contribution of high pH from the elevated Hco 3 concentrations.

Goldfish and tilapia were acclimated for

one week to media buffered 7 mM HC0 3 - plus a non-Hco 3 buffer or to a non-Hco 3 - buffer alone.

Media pH was varied

from 7.0 - 9.0 for goldfish and from 8.0 - 9.5 for tilapia.
The fish were fed high protein foods daily.
We found that neither pH nor HC0 3 - caused a dramatic
shift in ammonia nitrogen excretion to urea nitrogen
excretion in either species of fish.

Goldfish increased

ammonia nitrogen excretion in bicarbonate containing media,

an effect that was strongest at pH 8.0.

Increasing

bicarbonate concentration from 7 mM to 30 mM did not
stimulate a further increase in ammonia excretion.
When tilapia were acclimated to bicarbonate
concentrations from 7 mM to 30 mM at pH 9.0, ammonia
excretion rates were proportional to bicarbonate
concentration.

Ammonia nitrogen excretion went from 519

umol/kg-hr for fish acclimated in 7 mM Hco 3 - to 2746.3
umol/kg-hr for fish acclimated to 30 mM HC0 3 -.

Artificial

pond water (APW) formulated with NaCl substituted for
NaHC0 3 , did not stimulate
manner.

~onia

excretion in a sim.ilar

An increase in bicarbonate concentrations of the

media will inhibit the exchange of Cl-/Hco 3 - and cause an
increased blood bicarbonate concentration.

An increase in

blood bicarbonate concentration may stimulate the
deamination of amino acids.

Urea nitrogen remained a small

percentage of nitrogen excretion for all fish regardless of
treatments.
Clearly, goldfish and tilapia do not shift their
nitrogenous waste product from ammonia to urea in response
to alkaline conditions.

Neither species appears pre-adapted

for life in strongly alkaline environments.
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Introduction

The diet of all animals includes proteins which are
hydrolyzed by proteolytic enzymes in the digestive tract
into their constituent amino acids (Prosser, 1973).

Each

amino acid that is produced by the hydrolysis of protein
contains a carboxyl and an amino end group that will appear
as waste products in equimolar quantities as Hco 3 - and NH 4+
when the amino acid is metabolized (Atkinson and Camien,
1982).

Both of these waste products must ultimately be

eliminated from the animal.
The type of nitrogenous waste product excreted is
linked to water availability.

Freshwater aquatic animals,

with an abundance of water excrete ammonia.

Terrestrial

animals with reduced water availability excrete urea, while
others (birds and reptiles) with restricted water
availability excrete uric acid.

Since the toxicity of these

compounds is ammonia > urea > uric acid, more water is
required for the excretion of ammonia to keep internal
concentrations low while the insoluble uric acid requires
very little water for elimination.

The price paid for water

conservation is in energy expenditure.

Ammonia requires no

energy to produce and thus costs the animal no energy to get
rid of it, a urea molecule requires 4 ATP and each uric acid
5 ATP for synthesis (Stryer, 1988).
Terrestrial animals inhabit environments in which there
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is a need to conserve water.

For this reason physiologists

have long thought that the evolution of urea synthesis in
mammals occurred for the elimination of blood NH 4 + and
little attention has been placed on the Hco 3 - that is also
produced during amino acid metabolism.

Atkinson and Camien

(1982) have suggested that the use of amino acids as an
energy source places a extraordinary bicarbonate load on
vertebrates consuming a high protein diet.

The bicarbonate

that is generated affects the pH of the extracellular fluid,
in accordance with the Henderson-Hasselbalch equation.

When

applied to the Hco 3 -;co 2 buffer system present in the blood
the equation becomes:

It is generally accepted that when an animal is faced with
an excessive amount of bicarbonate accompanied by a
corresponding increase in blood pH, the kidneys will
eliminate the bicarbonate thus reestablishing the proper pH
of the blood (Guyton, 1976).

Recently, Atkinson and Camien

(1982) have raised doubts on the capacity of the mammalian
kidney to handle the bicarbonate produced from a high
protein diet if no other route of bicarbonate excretion is
available.

Unfortunately NH 4 + (pKa = 9.25) cannot directly

donate its protons to HC0 3 -

(pKa = 6.1) to convert it to co 2

(eliminated by the respiratory system) and H2 o.
2

Thus there

is a need for an alternative source of protons.

In the

synthesis of one mole of urea there are two moles of HCo 3 One Hco 3 - ion is incorporated into the

ions consumed.

product, and the other is simply protonated to form co 2 and
water (Atkinson and Camien, 1982).

The overall equation for

urea synthesis is as follows:
HC0 3 - + 2NH4 +

-------->

H2NCONH2 + 2H20 + H+

HC03- + H+ <-------> H20 + C02

-------------------------------------------2HC03 - + 2NH4 + --------> H2NCONH2 + C02 + H20
Clearly, urea synthesis not only serves to remove NH 4 + from
the blood but also the removal of Hco 3 -.

To this end,

Atkinson and Camien (1982) have postulated that the
ornithine-urea cycle and urea synthesis evolved as a pathway
for the elimination of HC0 3 - rather than NH 4 +.
The ornithine-urea cycle is not the only metabolic
pathway able to synthesize urea.

Urea is also the end

product for the uricase-allantoin pathway used to degrade
purine bases of nucleic acids.

Although this pathway

produces urea it does not do so in large amounts (Huggins et
al., 1969).
Unlike mammals, freshwater fishes appear to be faced
with a less difficult situation for the removal of both
HC0 3 - and NH 4 +.

Exchanges between blood and the environment

are facilitated by the gills, which are in constant contact
3

with the medium and perfused by blood from the ventral aorta
(Payan et al., 1984).

In freshwater teleosts, the inward

active transport of Na+ and Cl- takes place through the gill
lamellar epithelium and involves the exchange of NH 4 + or H+
out for Na+ in and HC0 3 - out for Cl- in (Maetz and GarciaRomeu, 1964; Payan, 1978).

Therefore, both NH 4 + and HC0 3 -

are eliminated at no "extra" metabolic cost to the animal.
This mechanism also facilitates the uptake of Na+ and Clfrom the environment - uptake necessary to balance the loss
of these ions across the body surf ace and via the kidney
(Krogh, 1939).
The Cl-/HC0 3 - exchange mechanism responsible for
eliminating bicarbonate may be severely inhibited when fish
inhabit an alkaline environment.

Natural waters of pH 9.0

or more are of ten made alkaline by higher than normal
concentrations of co 3 - 2 and HCo 3 -.

It is likely that these

concentrations are often sufficient to prevent or inhibit
the normal rate of bicarbonate excretion across the gills.
If the fish is unable to eliminate bicarbonate by Cl-/HC0 3 exchange, then they must use an alternative mechanism for
the elimination of the Hco 3 - generated from protein
catabolism.

One such mechanism that may be available is the

synthesis of urea.
The idea that freshwater fish produce urea in response
to high concentrations of bicarbonate and/or high pH is not
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new.

Recently, Randall and co-workers (1989) reported that

a species of tilapia (Oreochromis alcalicus grahami) living
in an alkaline soda lake (pH 9.6-10) produced urea using
ornithine-urea cycle enzymes.

This study went on to compare

the blood urea concentrations of these alkaline lake tilapia
to the blood urea concentration of another closely related
species of tilapia (Oreochromis nilotica) that inhabits a
river at a neutral pH of 7.1.

The alkaline lake tilapia

were observed to have plasma urea concentrations 4-5 times
greater than the river tilapia.

Both species were tested

for the activity of ornithine-urea cycle enzymes and
allantoic pathway enzymes.

Lake tilapia possessed a

significant amount of ornithine-urea cycle enzyme activity
while these enzymes were not detected in the river tilapia.
The small amount of urea found in the blood of river tilapia
was attributed to the allantoic pathway: a significant
allantoicase activity was detected.

These authors concluded

that the large bicarbonate and pH differences placed an
alkaline load upon the lake tilapia and subsequently
stimulated the synthesis of urea.
The purpose of this study is to characterize the
response of two species of freshwater fish to elevated
ambient concentrations of bicarbonate and high pH in the
water in which they are living.

Examining the response to

these two environmental parameters should help answer the
question:
5

Is urea synthesized in response to elevated blood ammonia
concentrations or elevated blood bicarbonate?

High external pH should inhibit ammonia excretion while
high external bicarbonate should elevate blood bicarbonate.
Manipulating environmental pH and bicarbonate concentration
independently should allow the identification of the factor
responsible for stimulating urea synthesis.

The working

hypothesis for this study is: Urea synthesis is stimulated
when fish are exposed to increases in environmental pH or
bicarbonate concentration.
The goldfish (Carrasius auratus) was chosen since it
was observed to increase urea production in response to
increases in ammonia concentration in the media (Olsen and
Fromm, 1971).

A species of tilapia (Oreochromis aurea) was

the other freshwater fish chosen for this experiment.
Tilapia is a good study organism because two other members
of this genus have been found to produce significant amounts
of urea.

One species, (Oreochromis mossambicus) excretes

40% of its waste nitrogen as urea (Sayer and Davenport,
1987), while another species, (Oreochromis grahami) excretes
all of its waste nitrogen as urea (Randall et al., 1989).

6

MATERIALS AND METHODS
Animals.

Two species of freshwater fish were used in the
experiments that follow.

Goldfish, (Carassius auratus),

were obtained from a local pet store in Charleston, IL.
goldfish weighed 5.03 ± 0.27 g (mean± SEM).

The

Tilapia,

(Oreochromis aurea), the other freshwater fish studied, were
donated by Dave Wahl of the Illinois Natural History Survey.
The tilapia used in this study weighed 4.49 ± 0.22 g (mean +
SEM).

The fish were maintained in 10 gallon aquaria and

each fish was used only once.

Pre-experimental acclimation procedure.

In order to ensure that all fish had a uniform
nutritional and environmental history, both tilapia and
goldfish were acclimated in 10 gallon aquaria containing
30 L of aerated artificial pond water (APW) at 1a 0 c with a
12L/12D hour photoperiod.

The APW used in the experiments

is a laboratory solution that mimics the concentrations of
ions in natural occurring freshwater environments.

Fish to

be used in treatments with bicarbonate media were acclimated
in APW containing 7.0 mM HC0 3 - (see table 1).

Fish to be

used in bicarbonate-free media were acclimated in APW with
Cl- replacing the bicarbonate (table 1).
treatments was maintained at 8.0.
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The pH of both

The fish were fed

commercial flake food and bloodworms daily in order to
provide a protein-rich diet.

The pH of the APW was checked

daily and adjusted with HCl or NaOH to maintain the desired
pH.

The APW was changed every 3 days to maintain the proper

ionic composition.

All fish were acclimated to these

conditions for at least two weeks before use in the
following experiments.

Influence of environmental RH on anunonia and

~

excretion

Goldfish experiment
To test the effect of pH on the excretion of ammonia
and urea, 8 goldfish acclimated to the pre-experimental
conditions were assigned and acclimated to each of six pHbicarbonate/bicarbonate-free APW (composition see table 2a).
The pH of these APW solutions was maintained using a
co 3 2 -/HCo 3 - buffer system or with a bicarbonate-free buffer.
The bicarbonate-free buffer was tris[hydroxymethyl]aminomethane (tris) and was used to separate the contribution of
the co 3 2 -/Hco 3 - buffer system from pH.

The fish in each

treatment were acclimated in a stepwise manner to APW at pH
7.0, 8.0, or 9.0.

When the desired pH was attained, the

fish were maintained at that pH for at least one week.

To

ensure that there was minimal accumulation of ammonia in the
media and that the APW was of proper ionic composition, each
treatment tank was changed the day prior to testing.
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Influence of environmental

PH

on ammonia and urea excretion

Tilapia experiment

To test the effect of pH on the excretion of ammonia
and urea, 8 tilapia acclimated to the pre-experimental
conditions were assigned to each of six pH-bicarbonate/
bicarbonate-free APW (composition see table 2b).

The pH of

these APW solutions were maintained using co 3 2-;Hco 3- buffer
system or with a bicarbonate-free buffer.

The fish in each

treatment were acclimated in a stepwise manner to APW at pH

a.o, 9.0, 9.5.

The bicarbonate-free buffers were KH 2Po 4 for

pH 8.0 and borate for pH 9.0 and 9.5.

When the desired pH

was attained, the fish were maintained at that pH for at
least one week.

To ensure that there was minimal

accumulation of ammonia in the media and that the APW was of
proper ionic composition, each treatment tank was changed
the day prior to testing.

Influence of bicarbonate concentration on ammonia and

~

excretion

Goldfish experiment

In order to investigate the role of bicarbonate
concentration on the excretion of ammonia and urea,
8 goldfish acclimated to the pre-experimental conditions
were assigned and acclimated to each of six bicarbonate/
bicarbonate-free APW containing bicarbonate or a substitute
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anion, Cl-, at 7 mM, 15 mM, or 30 mM (table 3a).

Tris

buff er was the bicarbonate-free buff er used to maintain the
pH at 7.0.

The goldfish were acclimated to the final

concentrations for at least one week.

To ensure that there

was minimal accumulation of ammonia in the media and that
the APW was of proper ionic composition, each treatment tank
was changed the day prior to testing.

Influence of bicarbonate concentration QA ammonia and urea
excretion

Tilapia experiment
In order to investigate the role of bicarbonate
concentration on the excretion of ammonia and urea,
8 tilapia acclimated to the pre-experimental conditions were
assigned and acclimated to each of six bicarbonate/
bicarbonate-free APW containing bicarbonate or a substitute
anion, Cl-, at 7 mM, 15 mM, or 30 mM (table 3a).

Borate

buff er was the bicarbonate-free buff er used to maintain the
pH at 9.0.

A higher pH was chosen for this experiment

because it is difficult to maintain stable bicarbonate
concentrations at pH 7.0.

The tilapia were acclimated to

the final concentrations for at least one week.

To be sure

that there was minimal accumulation of ammonia in the media
and that the APW was of proper ionic composition, each
treatment tank was changed the day prior to testing.
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Determination of ammonia and urea excretion rates

In order to determine the rates of ammonia and urea
excretion, fish acclimated for at least one week in the
prescribed treatments were placed into plastic tupperware
containers with the lids resting on top of each container.
Each container had a measured volume (170 mL in the goldfish
experiments and 200 mL in the tilapia experiments) of APW.
The APW was of the same composition as the acclimation
media, except that another buffer was substituted for tris,
whenever tris was used.

Preliminary experiments

demonstrated that tris buffer interferes with the ammonia
assay, yielding inaccurate results.

To eliminate

interference from tris, the buffer was changed to 4 mM
KH 2Po 4 for pH 7.0 and 8.0, and 4 mM borate buffer for pH 9.0
and 9.5.

All sample tubes for the ammonia assay contained

20 ul of 1 M HCl in order to ensure that all of the ammonia
in the sample taken would remain in the ionized form during
storage.

Samples were drawn from the bath with a mechanical

pipette (Rainin pipetman) for both ammonia and urea assays.
In the goldfish pH experiment ammonia and urea samples were
taken at 60 minute intervals for a total of three hours.

In

the remaining experiments a sample was taken for the ammonia
assay every 30 minutes for three hours.

The samples were

placed in glass test tubes chilled in an ice bath.

After

each sampling period, the tubes were inunediately capped with
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parafilm and frozen until assayed.

Following the experiment

the fish were anesthetized in 3-aminobenzoic acid ethyl
ester (MS-222) and weighed to 0.01 g.

The samples were

thawed before perfoming a colorimetric assay (Liddicoat et
al., 1975) to determine the concentration of ammonia, while
a second colorimetric method (Archibald, 1945) was used to
determine the concentration of urea.

Absorbance for each

sample was measured by a Perkin-Elmer spectrophotometer.

Calculations and statistical analysis.

Concentrations of ammonia and urea in samples were
determined by comparing absorbance of the sample to the
absorbance of known concentrations.

After determining the

amount of urea or ammonia produced by the animal for each
sample period, a rate over the entire 3 hour experimental
period was estimated graphically.

In the urea assay the

rate of excretion was multiplied by 2 to reflect the
excretion of two nitrogen atoms per molecule of urea.

Data

were analyzed by two-way analysis of variance (ANOVA) using
NWA Statpack software (Northwest Analytical, Inc., Portland,
OR).

The Student-Neuman-Keuls means comparison test was

used to determine significant treatment means.

A

probability level of less than 0.05 was considered to be
statistically significant.
found in Appendix I.

Individual ANOVA tables can be

All data will be presented as means +

one standard error of the mean.
12

RESULTS
Influence of environmental

RH

QD. ammonia and ~ excretion

Goldfish experiment
There was no systematic effect of pH on the excretion
of ammonia or urea nitrogen for goldfish acclimated to
either bicarbonate or bicarbonate-free APW (figures 1 and
2).

The rate of ammonia nitrogen excreted by goldfish

acclimated in the bicarbonate APW was significantly greater
than the rate of ammonia nitrogen excreted by the fish
acclimated in the bicarbonate-free treatment (P < 0.005) at
every pH.

Goldfish acclimated to pH 8.0 excreted the

greatest amount of ammonia nitrogen at 1174.7 (± 94.9)
umol/kg-hr.

While at pH 7.0 the fish produced 799.8

(± 66.5) umol/kg-hr and at pH 9.0 the rate was 762 (± 72.5)
umol/kg-hr.

The goldfish acclimated in the bicarbonate-free

treatments excreted a constant rate of ammonia nitrogen of
approximately 500 umol/kg-hr for all pH values tested.
The mean rate of urea nitrogen excretion, regardless of
treatment, is 60 umol/kg-hr (figure 2).

Urea nitrogen

accounted for approximately 8% of the total nitrogen
excreted by goldfish (table 4).
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Influence of environmental

RH on ammonia and urea excretion

Tilapia experiment
There was no systematic effect of pH on the excretion
of ammonia or urea nitrogen for tilapia acclimated to either
bicarbonate or bicarbonate-free APW (figures 3 and 4).

The

tilapia excreted between 400-600 umol/kg-hr of ammonia
nitrogen.
The mean rate of urea nitrogen excreted by tilapia was
60 umol/kg-hr and accounted for 10% of the total nitrogen

excreted (table 4).

Influence of bicarbonate concentration on ammonia and urea
excretion

Goldfish experiment
There was no systematic effect of bicarbonate
concentration on the excretion of ammonia or urea nitrogen
for goldfish acclimated to pH 7.0 APW (figures 5 and 6).
The mean ammonia nitrogen excretion rate for all treatments
is 670 umol/kg-hr.
The mean rate of urea nitrogen excretion for goldfish
is 60 umol/kg-hr, which accounts for less than 10% of the
total nitrogen excreted (table 5).

There is a difference

between the HC0 3 -/HC0 3 --free treatments (P < 0.005),

but

the changes in urea excretion rates in comparison to the
total nitrogen excreted remains extremely small.
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Influence of bicarbonate concentration on ammonia and urea
excretion

Tilapia experiment
The rate of ammonia nitrogen excretion for tilapia in
bicarbonate APW (pH 9.0)

was linearly related to the

concentration of bicarbonate in the media (figure 7).

The

rate of ammonia nitrogen excreted by tilapia increased from
519 (± 34.6) umol/kg-hr at 7 mM HC0 3 - to 2746.3 (± 199.2)
umol/kg-hr for fishes acclimated to 30 mM HCo 3 -.

The

tilapia in the bicarbonate-free treatment were unaffected by
the increase in Cl-.
There was no dramatic increase in the rate of urea
nitrogen excretion in response to increasing bicarbonate
concentrations (figure 8).

The mean excretion rate of urea

nitrogen for all treatments is 75 umol/kg-hr.

There is a

significant difference between the concentrations, but these
changes are relatively small in comparison to the total
nitrogen excreted.

The amount of urea nitrogen excreted by

tilapia accounts for less than 10% of the total nitrogen
excreted (table 5).

15

Discussion

Atkinson and Camien (1982) support the notion that urea
synthesis functions to eliminate the metabolic bicarbonate
produced from the catabolism of proteins.

More conventional

excretory physiologists hypothesize that urea synthesis is
necessary to deal with the other waste product, ammonia.
Aquatic organisms like fish off er a system in which the two
candidates can be manipulated independently from each other.
I hypothesized that goldfish and tilapia would respond to
either high pH (a treatment designed to increase blood
ammonia concentration) or increasing environmental
bicarbonate concentration by shifting their nitrogen
excretion from ammonia to urea.

The data did not support

this hypothesis: Neither tilapia nor goldfish shifted
nitrogenous waste product from ammonia to urea in response
to either stimulus alone or in combination.
It was observed that there was an increase in ammonia
nitrogen excretion in response to media containing
bicarbonate for both the goldfish pH experiment and the
tilapia bicarbonate concentration experiment.

Data from the

goldfish experiment suggest the response is pH related with
a maximum ammonia excretion rate at pH 8.0.
may not be the case.

However this

Bicarbonate concentration in the media

is directly related to the pH.

At pH 8.0, virtually 100% of

the carbonic acid-bicarbonate-carbonate buff er system is in
16

the bicarbonate form.

While goldfish did produce ammonia at

a higher rate in the bicarbonate APW in the pH experiment,
there was no difference between these two treatments in the
bicarbonate concentration experiment.

This could be due to

the bicarbonate-carbonic acid equilibrium which at pH 7.0,
allows some

co 2 loss to the air.

The total bicarbonate

concentration in the media may have been somewhat less than
nominal.
Unlike goldfish, ammonia excretion by tilapia was not
increased by the presence of bicarbonate in the pH
experiment.

It appears that there is a minimum

concentration of bicarbonate required before there is a
bicarbonate-dependent stimulation of ammonia nitrogen
excretion.

This is further supported by the bicarbonate

manipulation experiment in which increasing bicarbonate
concentrations in the media stimulated a dramatic increase
in tilapia ammonia nitrogen excretion rate.
The observed increase in ammonia nitrogen excretion
does not conflict with Atkinson's hypothesis.

Increasing

the production of ammonia nitrogen in response to increasing
bicarbonate concentration is important to ureotelic animals.
When a ureotelic animal has an increase in blood
bicarbonate, they require an increase in ammonia nitrogen
production for urea synthesis (Atkinson and Bourke, 1984).
Thus the observed increase in the ammonia nitrogen excretion

17

rate for the freshwater fish raises two important questions
that I will address in a theoretical way:
1) What mechanism is responsible for the excretion of
ammonia nitrogen by the gill in a bicarbonate buffered
water at a higher pH?
2) What is the source of the ammonia nitrogen responsible
for the observed increase in excretion?

Mechanisms for the excretion of ammonia nitrogen

In the classic Homer Smith divided box experiment,
Smith observed that goldfish and carp excrete 90% of their
waste nitrogen from the head (Smith, 1929).

He also

observed that ammonia nitrogen contributed 60% of the total
waste nitrogen.

Sayer and Davenport (1987) found ammonia

nitrogen excretion accounts for between 54-87% of the total
nitrogen waste product in teleosts.

In their study, ammonia

excretion in a species of freshwater tilapia (Oreochromis
mossambicus) came from the head only.

A different species

of freshwater tilapia (Oreochromis nilotica) excretes 85% of
it nitrogenous waste product as ammonia (Wood et. al.,
1989).

The fish in the present study excreted from 86-97%

waste nitrogen as ammonia nitrogen.

While the excretory

organ, i.e. gill or kidney was not identified, there is no
reason to believe that the fish in my experiments do not use
gill epithelium as the major excretory pathway.
Gill epithelium in freshwater fish acts as a salt
18

absorbing organ to balance a continual loss of salt from the
body.

The gill epithelium also plays a functional role for

the elimination of ammonia.

The site for independent

exchanges of NH 4 +/Na+ or H+/Na+ and HCo 3 -;c1- occurs in the
gill epithelium (Garcia Romeu and Meatz, 1964; Meatz and
Garcia Romeu, 1964; DeRenzis and Maetz 1973), specifically
in the chloride cells in the secondary lamellae of the gill
epithelium (Avella et al., 1987).

Sodium transport in some

fish has been shown to be pH related, with an optimum
transport rate between pH 7-8 (Wright et al., 1990).

The

effect of a higher pH on sodium transport is ambiguous.
Wright and Wood (1985) found that the influx of sodium was
reduced to 25% in Salmo gairdneri placed in alkaline water
(pH 9.54).

This observation is in conflict with Maetz and

De Renzis (1978) who found a 10-fold stimulation of sodium
transport in Tilapia mossambica when exposed to pH 9.7.
If sodium transport is stimulated by a higher pH, a
corresponding increase in NH 4 + and/or H+ ion excretion is
expected.

Wood et. al (1989) found an increased ammonia

nitrogen excretion in tilapia (Oreochromis nilotica) when
placed in tap water adjusted to pH 10.

The fish were

observed to produce 788 umol/kg-hr at pH 7 and to over
1200 umol/kg-hr at pH 10.

More conclusive evidence that

supports the role of sodium transport in ammonia excretion
comes from Garcia Romeu and Maetz (1964) and De Renzis and
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Maetz (1973).

These authors observed that when fish are

placed in choline chloride there is a decrease in ammonia
nitrogen excretion and an increase in blood ammonia
concentration.

The

cholin~

serves as a counter ion for

chloride but does not serve as an exchange partner for NH 4 +
in the sodium transport mechanism.

The ammonia without an

exchange partner accumulates in the animal.
The HC0 3 -;c1- exchange mechanism also affects the rate
of ammonia nitrogen excretion.
raised the blood

co 2

Claiborne and Heisler (1984)

levels of carp and found that with a

decrease in blood pH there was a partial compensatory
increase in blood bicarbonate concentration.

They believe

the increase in blood bicarbonate concentration was due to a
decrease in the HC0 3 -;c1- exchange.

While the HC0 3 -;c1-

exchange decreased, there was an increase in ammonia
excretion.

The increase in ammonia nitrogen excretion

represented a 115% increase in H+ excretion that was
required to compensate the decrease in pH due to respiratory
acidosis.

Further, Claiborne and Heisler (1986) infused

hypercapnic carp with NaHC0 3 eliciting a 2.5 fold increase
ammonia transfer.

These authors contend that the increase

in ammonia transfer was due to non-ionic (NH 3 ) diffusion
across the gill epithelium, since at the pH tested (pH 6.5)
there was an infinite sink for NH 3 .
The pH of the media affects the rate of diffusion of
non-ionic ammonia (NH 3 ).

In teleost fish there are two
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different types of carbonic anhydrase enzymes (Rahin et al.,
1988).

One enzyme is found in the red blood cells while the

other is in the gill tissue.

The reaction of metabolic co 2

with carbonic anhydrase produces HC0 3 - and H+.

When this

reaction occurs, the layer of water (boundary layer)
immediately next to the gill epithelium becomes acidified.
The NH 3 in the blood diffuses into the boundary layer where
The HC0 3 - and NH 4 + then

it binds H+ and becomes NH 4 +.

diffuse out of the boundary layer into the bulk water
(Randall and Wright, 1989).

Water of very high pH (above pH

9.3) and high buffering capacity should increase the width
of the effective boundary layer and decrease the rate of
ammonia nitrogen excretion by diffusion.

High pH makes

proton binding to NH 3 less likely and NH 3 will build up in
the boundary layer abolishing the NH 3 concentration
gradient.

Water at a medium high pH (pH 8 - 9.3) and with a

high buffering capacity may favor the excretion of NH 3 by
maintaining an adequate H+ concentration in the boundary
layer in spite of the relatively high pH of the bulk water.
These conditions allow the NH 3 that has diffused into the
medium to bind the H+ available forming NH 4 + which will then
Converting NH 3 to NH 4 +

diffuse into the bulk medium.

maintains a steep gradient for NH 3 .
Wright and Wood (1985) favor a flexible combination of
NH 3 diffusion and Na+/NH 4 + exchange for the movement of
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ammonia in fish.

Diffusion of NH 3 dominates at low pH while

Na+/NH 4 + exchange is more important at a high pH.

At very

alkaline pH most ammonia in the media will be in the form of
NH 3 , which will inhibit the diffusion of NH 3 from the blood.
The decrease in the rate of NH 3 diffusion will result in an
increase in the total NH 4+ concentration in the blood.

This

increase will facilitate the Na+/NH 4 + exchange (Wright and
Wood, 1985).

Possible sources of anunonia for excretion

With an increase in the rate of ammonia nitrogen
excretion there must have been a corresponding increase in
ammonia formation in the goldfish and tilapia studied.
The source of this ammonia deserves some speculation.
It is interesting that in mammals the enzyme
glutaminase is found in the periportal cells of the liver
and thought to be a point of pH control (Haussinger et al.,
1984).

This mechanism provides NH 4 + and glutamate from

glutamine for the removal of HC0 3 - by urea synthesis when
the blood pH increases.
Why would an increase in blood bicarbonate stimulate
NH 4 + mobilization in a freshwater fish that cannot make
significant amounts of urea?

The liver of freshwater fish

contains the enzymes glutamine synthetase and glutamate
dehydrogenase (Randall et al., 1989).

Fish that produce

urea require glutamine synthetase to provide the necessary
22

substrate for the glutamine dependent Carbamoyl-phosphate
synthetase III enzyme.

The tilapia produced extraordinary

amounts of ammonia nitrogen when acclimated in an alkaline
bicarbonate containing media.

The source of the ammonia

nitrogen is certainly from the deamination of amino acids,
which may be by glutamate dehydrogenase or glutaminase.

If

a urea-producing teleost fish had the complement liver
enzymes that are found in mammals, the increase in ammonia
nitrogen might arise from the stimulation of glutaminase
which would facilitate the removal of excess Hco 3 - via urea
synthesis.

However, in the absence of an active ornithine-

urea cycle, the function of this response is not clear.
In summary, the fish in this study did not shift
from ammoniotelism to ureotelism in response to either
an increase in environmental pH or bicarbonate
concentration.

Like mammals, tilapia and goldfish responded

to increased environmental bicarbonate concentrations by
mobilizing NH 4+.

The adaptive significance for this

mobilization in a freshwater fish lacking the ornithine-urea
cycle enzymes is uncertain.
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Table 1.

Composition of pre-experimental APW. Fish were
acclimated to these conditions for at least two weeks prior
to testing. The pH for both APW solution was a.o.
Treatment
HC03- APW
6.5
0.5
0.5
0.25
4.0

mM
mM
mM
mM
mM

HCo 3 --free APW

NaHCOlKHC03
CaCl2
MgCl2
Tris buff er

6.5
0.5
0.5
0.25
4.0
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mM
mM
mM
mM
mM

NaCl
KCl
CaCl2
MgCl2
Tris buff er

Table 2a.

Composition of APW used for acclimating goldfish
in the pH manipulation experiment.
Treatment
HC0 3 - APW
6.5
0.5
0.5
0.25
4.0

mM
mM
mM
mM
mM

HC0 3--free APW

NaHCO:lKHC0 3
CaC1 2
MgC1 2
Tris buffer*

6.5
0.5
0.5
0.25
4.0

mM
mM
mM
mM
mM

NaCl
KCl
CaCl2
MgCl2
Tris buffer*

*Tris buffer was the bicarbonate-free buffer used to
maintain pH 7.0, 8.0, and 9.0.

Composition of APW used for acclimating tilapia
in the pH manipulation experiment.

Table 2b.

Treatment
HC0 3 --free APW

HC03- APW
6.5
0.5
0.5
0.25
4.0
4.0

mM
mM
mM
mM
mM
mM

NaHCO:lKHC0 3
CaCl2
MgC1 2 *
KH 2 Po 4 **
borate

6.5
0.5
0.5
0.25
4.0
4.0

mM
mM
mM
mM
mM
mM

NaCl
KCl
CaCl2
MgCl2 *
KH 2 P04**
borate

*KH 2 Po 4 was the bicarbonate-free buff er used to maintain
pH 8.0.
**Borate was the bicarbonate-free buffer for pH 9.0 and 9.5.
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Composition of APW used for acclimating goldfish
in the Hco 3 - manipulation experiment.

Table 3a.

Treatment
HC03--free APW

HC03- APW

-----------------------------------------------------------* mM NaHCO;i * mM NaCl
0.5
0.5
0.25
4.0

mM
mM
mM
mM

KHC0 3
CaCl2
MgCl2
Tris buffer**

0.5
0.5
0.25
4.0

mM
mM
mM
mM

KCl
CaCl2
MgCl2
**
Tris buff er

-----------------------------------------------------------* The concentration of NaHco 3 - or NaCl 6.5 mM, 14.5 mM, or
29.5 mM.
** Tris was the bicarbonate-free buff er used to maintain the
pH at 7.0.

Table 3b.

Composition of APW used for acclimating tilapia
in the Hco 3 - manipulation experiment.
Treatment
HC03- APW

HC0 3 --free APW

-----------------------------------------------------------* mM NaHCOl* mM NaCl
0.5
0.5
0.25
4.0

0.5
0.5
0.25
4.0

mM KHC03

mM CaCl2

mM MgCl2
mM Borate buffer**

mM
mM
mM
mM

KCl
CaC1 2
MgCl
Borate buff er**

-----------------------------------------------------------* The concentration of NaHco 3 - or NaCl 6.5 mM, 14.5 mM, or
29.5 mM.
** Borate was the bicarbonate-free buffer used to maintain
the pH at 9.0.
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Percentage of nitrogen excreted as urea by
goldfish at pH 7.o, 8.0, or 9.0 and tilapia at pH 8.0, 9.0,
or 9.5. Fish were acclimated to APW with 7mM NaHco 3 - or 7mM
NaCl.
Table 4.

Acclimation media
Fish

pH

HC03- APW

Goldfish

7.0
8.0
9.0

8.3
4.8
8.0

Tilapia

8.0
9.0
9.5

11. 7
8.2
10.6

HC03--free APW

13.6
8.7
9.3
10.4
8.7
12.3

30

s. Percentage of nitrogen excreted as urea by
goldfish at pH 7.0 and tilapia at pH 9.0. Fish were
acclimated to either NaHco 3 - or NaCl at the following
concentrations; 7, 15, or 30 mM.
Table

Acclimation media
(mM)

HC0 3 - APW

Goldfish

7
15
30

8.3
7.1
6.8

Tilapia

7
15
30

11. 9
3.8
3.1

Fish

Hco 3 --free APW
13.6
5.2
9.0
12.1
6.1
8.3
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1. Rate of ammonia nitrogen excretion (umol/kg-hr)
tor goldfish acclimated to pH 7.0, a.o, or 9.0. Points
indicate mean rate and bars indicate ± SEM. Solid circles
represent fish acclimated to 7 mM Hco3 - APW. Open circles
represent fish acclimated to Hco 3--tree (7 mM NaCl) APW.
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for goldfish acclimated to pH 7.0, a.o, or 9.0. Points
indicate mean rate and bars indicate + SEM. Solid circles
represent fish acclimated to 7 mM Hco 3 - APW. Open circles
represent fish acclimated to Hco 3--free (7 mM NaCl) APW.
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Rate of urea nitrogen excretion (umole/kq-hr)
for tilapia acclimated to pH a.o, 9.0, or 9.5. Points
indicate mean rate and bars indicate + SEM. Solid circles
represent fish acclimated in 7 mM Hco 3 - APW. Open circles
represent fish acclimated to Hco 3 --free (7 mM NaCl) APW.
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Rate of ammonia nitrogen excretion (umole/kg-hr)
for tilapia at pH 9.0 for the following concentrations;
7, 15, or 30 mM Hco 3 - or NaCl. Points indicate mean rate
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APPENDIX I

ANOVA tables for all treatments.
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Two-way ANOVA completely randomized. Ammonia excretion
rates for goldfish acclimated to HC0 3 - and HCo 3 --free media
in pH manipulation experiment.

Source

DF

NaHC0 3 -/NaCl
pH
Interaction
Error

1
2
2

Treatment
B
A
1
1
1

1
2
3

2
2
2

1
2
3
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**ANOVA TABLE**
SS
MS

2049770.0
478265.1
365437.2
1578818.0

MEAN

2049770.0
239132.5
182718.6
37590.9

STANDARD
ERROR

p

F

54.528360
6.361448
4.860714

<.0001
<.005
<.013

NUMBER OF
OBSERVATIONS

--------799.7587

-----------66.53805

1174.6590
761.9863

94.85172
72.47618

8
8

513.2963
514.6025
468.6150

51.50082
71.09593
42.53523

8
8
8
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-------------8

Two-way ANOVA completely randomized. Urea excretion rates
for goldfish acclimated to HC0 3 - and HCo 3 --free media in pH
manipulation experiment.

-----------------------------------------------------------Source

DF

NaHC03-/NaCl
pH
Interaction
Error

1
2
2
42

Treatment
B
A
1
1
1

1
2
3

2
2
2

1
2
3

**ANOVA TABLE**
SS
MS

520.7419
4793.7260
1512.3350
32228.5800

MEAN

520.7419
2396.8630
756.1675
767.3471
.STANDARD
ERROR

p

F

<.4
<.06
<.4

0.6786263
3.12357
0.9854308

NUMBER OF
OBSERVATIONS

-------------8

--------72.5450

-----------8.062114

59.0900
66.6250

12.690710
10.309860

8
8

81. 0525
49.2150
48.2300

11. 796940
7.685364
6.703190

8
8
8

42

Two-way ANOVA completely randomized. Ammonia excretion
rates for tilapia acclimated to HCo 3 - and HC0 3 --free media
in pH manipulation experiment.
**ANOVA TABLE**
SS
MS

DF

Source

NaHC0 3 -/NaCl

1

pH

2

Interaction
Error

2
42

Treatment
A
B
1
1
1

1
2
3

2
2
2

1
2
3

28040.58
112042.30
82688.57
1258877.00

MEAN

--------548.0725

28040.58
56021.17
41344.29
29973.26

STANDARD
ERROR

p

F

0.9355199
1. 8690380
1. 3793720

<.4
<.2
<.3

NUMBER OF
OBSERVATIONS

-----------64.63974

-------------8

334.8013
450.7400

25.14618
60.43018

8
8

484.6588
470.1538
523.8200

61.90625
60.77352
80.57112

8
8
8
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Two-way ANOVA completely randomized. Urea excretion rates
for tilapia acclimated to HCo 3 - and HCo 3 --free media in pH
manipulation experiment.

Source

DF

NaHCo 3 -/NaCl
pH
Interaction
Error

1
2
2
42

Treatment
A
B
1
1
1

1
2
3

2
2
2

1
2
3

**ANOVA TABLE**
SS
MS

466.3781
7425.6550
3058.8930
9983.7780

MEAN

466.3781
3712.8280
1529.4460
237.7090
STANDARD
ERROR

p

F

<.17
<.0001
<.005

1.961700
15.619210
6.434112

NUMBER OF
OBSERVATIONS

--------72.46249

-----------8.5594850

-------------8

30.09000
53.17125

3.1044820
0.9835857

8

56.33375
44.80625
73.28625

4.6928880
6.3497530
5.6629620

8
8
8

44

8

Two-way ANOVA completely randomized. Ammonia excretion
rates for goldfish acclimated to HC0 3 - and HC0 3 --free media
in HC0 3 - manipulation experiment.

Source

DF

NaHC0 3 -/NaCl
Concentration
Interaction
Error

1
2
2

42

Treatment
B
A

MEAN

1
1
1

1
2
3

2
2
2

1
2
3

**ANOVA TABLE**
SS
MS

26988.14 26988.14
526728.10 263364.10
981042.70 490521. 30
2019379.00 48080.45

--------799.7588

STANDARD
ERROR

-----------66.53805

p

F

<.46
<.008
<.0002

0.5613121
5.4775710
10.2021000

NUMBER OF
OBSERVATIONS

-------------8

598.5613
540.5663

63.57077
19.59003

8
8

513.2963
1010.4640
557.3975

51.50082
144.12620
61.50858

8
8
8
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Two-way ANOVA completely randomized.
Urea excretion rates
for goldfish acclimated to HCo 3 - and HCo 3 --free media in
HC0 3 - manipulation experiment.

Source

DF

NaHC03-/NaCl
Concentration
Interaction
Error

1
2
2

Treatment
A
B
1
1
1

1
2
3

2
2
2

1
2
3

42

**ANOVA TABLE**
SS
MS

1618.31800 3.0019960 <.091
4194.83400 7.7814570 <.0014
56.82243 0.1054062 <.91
539.08080

1618.3180
8389.6680
113.6449
22641. 3900

MEAN

p

F

STANDARD
ERROR

NUMBER OF
OBSERVATIONS

-----------8.062114

-------------8

45.43250
39.24625

8.118231
6.938884

8
8

81. 05250
55.95750
55.05250

11. 79694
2.94185
8.799813

8
8
8

--------72.54500
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Two-way ANOVA completely randomized. Ammonia excretion
rates for tilapia acclimated to HC0 3 - and HC0 3 --free media
in HC0 3 - manipulation experiment.

Source

DF

NaHC0 3 -/NaCl
Concentration
Interaction
Error

1
2
2

Treatment
A
B
1
1
1

1
2
3

2
2
2

1
2
3

42

**ANOVA TABLE**
SS
MS

6590535
6590535.0
8522244
4261122.0
1. 18 E+07 5920098.0
2862439
68153.3

MEAN

--------519.0112

STANDARD
ERROR

-----------34.61621

p

F

<.0001
<.0001
<.0001

96.70163
62.52261
86.86444

NUMBER OF
OBSERVATIONS

-------------8

1419.0550
2746.3010

50.07790
199.18480

8
8

842.7650
939.0250
679.3137

53.53217
55.31574
42.52995

8
8
8
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Two-way ANOVA completely randomized.
Urea excretion rates
for tilapia acclimated to HCo 3 - and HCo 3 --free media in
HC0 3 - manipulation experiment.

Source

**ANOVA TABLE**
SS
MS

DF

p

F

-----------------------------------------------------------NaHC0 3 -/NaCl
Concentration
Interaction
Error

1
2
2
42

Treatment
A
B

MEAN

1
1
1

1
2
3

2
2
2

1
2
3

823.9431
9440.2700
10342.1900
20073.8600

823.9431
4720.1350
5171.0940
477.9490

STANDARD
ERROR

<.20
<.0005
<.0005

1.723914
9.875814
10.819340

NUMBER OF
OBSERVATIONS

-----------7.093603

-------------8

55.65125
87.99750

5.245414
3.777941

8
8

115.50000
61.07125
61.84750

14.006940
3.390293
7.659432

8
8
8

--------69.91125
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